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Frederick S Gimble 
Several protein processing events that involve related 
chemical mechanisms have been observed in nature. 
Now, new methods have been developed, based on the 
same chemical reactions, that permit proteins to be 
modified in ways that were not previously possible. 
Synecho~$s reveals that tram splicing also occurs in nature 
(Figure lb). Papers by Gorbalenya [S] and by Wu et al. [6] 
noted that two open reading frames, separated on the chro- 
mosome by 745 kilobases (kb), both contained similarity to 
parts of inteins and to parts of the dnaE gene, which 
encodes the D&A nolvmerase III cx subunit. The two eerie 
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Introduction 
The unexpected discovery of protein splicing in 1990 [1,2] 
demonstrated that the transfer of information from gene to 
protein can be profoundly influenced by post-translational 
modification. Protein splicing is a multi-step process 
whereby an internal polypeptide segment, termed the 
intein, of a protein precursor autocatalytically breaks two 
peptide bonds to excise itself and uses a peptide bond to 
join the amino- and carboxy-terminal precursor segments, 
the amino and carboxyl exteins, to form a second protein 
(Figure la). Intein sequences have been identified in 
archaea, eubacteria and eukarya. Several inteins occur as 
bifunctional proteins that not only catalyze protein splic- 
ing but also function as rare-cutting endonucleases that 
initiate the mobility of the intein gene, in a process called 
intein homing [3]. 
In the protein-splicing pathway (Figure la), the normally 
stable peptide bond at the amino-terminal splice junction 
is first converted to a more reactive ester or thioester 
linkage by acyl rearrangement [4]. This occurs by nucle- 
ophilic attack of the peptide bond carbonyl by an adjacent 
serine or cysteine sidechain. Next, a branched intermedi- 
ate with two amino termini is generated when the newly 
formed ester bond is cleaved during a transesterification 
reaction by attack from a nucleophilic residue (cysteine, 
serine or threonine) located at the carboxy-terminal splice 
site. Release of the intein occurs when an asparagine 
sidechain at the intein carboxyl terminus attacks the 
carboxy-terminal scissile peptide bond. Finally, the ester 
linkage in the fused extein product rapidly rearranges to 
form the thermodynamically more stable peptide bond. 
The first examples of protein splicing to be described all 
utilized intramolecular transesterification steps, but the 
recent identification of a split intein in the cyanobacterium 
I  I  <I 
products of these open reading frames comprise a split 
intein in which one protein contains residues l-744 of the 
DnaE protein fused to the first 123 amino acids of an 
intein, and the second contains 36 carboxy-terminal intein 
residues fused to 4’23 carboxy-terminal amino acids of 
DnaE. Furthermore, this split intein resembles other small 
contiguous inteins, termed mini-inteins, in that it lacks an 
endonuclease region. Remarkably, when the two gene 
fusions are expressed in Esdzericha co& protein tram splic- 
ing occurs in viva to generate the ligated DnaE protein [6]. 
It is presumed that the two intein protein fragments (the 
amino and carboxyl inteins) fold together properly in the 
cell to yield protein-splicing activity. 
A further variation on the protein-splicing theme, albeit 
one far less complex than intein splicing, is the processing 
of the Drosophila Hedgehog protein, a secreted protein 
responsible for patterning in embryonic segments and 
imaginal discs. Hedgehog is a two-domain protein, and the 
peptide bond connecting the domains is converted to a 
thioester linkage by an acyl rearrangement reaction analo- 
gous to that in intein splicing (Figure lc) 171. Indeed, the 
Hedgehog carboxy-terminal domain, which mediates the 
rearrangement, is structurally similar to a splicing domain 
from a yeast intein [8,9]. In contrast to most instances of 
intein splicing, however, intramolecular transesterification 
does not occur; instead, a cholesterol molecule acts as 
nucleophile and breaks the bond between the two 
domains, becoming covalently attached to the end of the 
amino-terminal signaling domain in the process [7]. Teth- 
ering of the hydrophobic cholesterol to the amino-termi- 
nal domain binds the protein tightly to the cell surface and 
effects signaling. 
The original hope that practical applications could be 
developed from protein splicing has now been realized 
with the development of methods based on protein splic- 
ing chemistry that permit the joining of polypeptide seg- 
ments in h-o, as well as the introduction of detection 
probes and specific modifications into proteins at defined 
locations. What is interesting is that these methods paral- 
lel the different variations of protein splicing observed in 
nature. One approach is analogous to tram splicing in viw 
and makes use of split inteins to reconstruct proteins. The 
underlying basis of the second approach is more related to 
Hedgehog processing, and is a semi-synthesis method that 
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Figure 1 
Protein processing pathways in viva. (a) Protein splicing. Acyl 
rearrangement of the intein amino-terminal serine or cysteine converts 
the peptide bond to an ester or thioester. This ester linkage is attacked 
by a serine, threonine or cysteine sidechain located at the amino- 
terminal position of the carboxyl extein to yield a branched-ester 
intermediate. Release of the intein occurs when the asparagine at the 
intein carboxyl terminus cyclizes and forms a succinimide ring, which is 
subsequently hydrolyzed to yield asparagine or isoasparagine. Finally, a 
second, spontaneous X-N acyl rearrangement forms a new peptide 
bond between the two fused exteins. The oxygen or sulfur atom of the 
reactive serine, threonine or cysteine is represented by an ‘X’. 
(b) Trans splicing. It is presumed that Vans splicing requires that the 
amino- and carboxy-terminal segments of the split intein first fold 
together in viva. In addition, folding of the two extein polypeptides is 
likely to take place. After the intein structure forms, protein splicing is 
believed to follow the same pathway as that of contiguous inteins. 
(c) Hedgehog processing. The peptide bond between the signaling 
and processing domains of the Hedgehog protein is replaced by a 
thioester linkage following an acyl rearrangement identical to the first 
step of the protein-splicing pathway. The newly formed thioester is 
subject to nucleophilic attack by the 3P-hydroxyl group of a cholesterol 
molecule. The end result is that the two domains are separated, and 
the cholesterol molecule is covalently attached to the carboxyl terminus 
of the signaling domain. The yellow molecule labeled ‘c’ is cholesterol. 
permits the ligation of a chemically synthesized carboxy- 
terminal protein segment containing engineered modifica- 
tions to a recombinant amino-terminal segment. 
Ligation of polypeptide segments in vivo and in vitro by 
tfans splicing 
Scientists have long sought the ability to engineer natural 
and unnatural modifications at precise and unique loca- 
tions in proteins. Use of a split intein in a tram splicing 
system has the potential to permit the selective labeling or 
modification (e.g., phosphorylation, glycosylation or acety- 
lation) of one region only of a protein. Tram splicing in 
vivo was engineered in the laboratory initially by introduc- 
ing translational termination and initiation codons in- 
frame into the middle of the normally contiguous 
Mycobacterhn tuberculosis recA intein positioned between a 
maltose-binding protein (MBP) amino extein and a car- 
boxy1 extein polypeptide containing a His-tag (His,) [lo]. 
Splicing of the split intein was confirmed by detection of 
the expected 48 kDa MBP-His6 splicing product. Inter- 
estingly, splicing is more efficient using a split mini-intein 
version lacking the endonuclease region, which might 
form a structure analogous to the 8ynechocystis dnaE split 
intein. A mini-intein engineered from the Syne&o~~stis 
dnaB intein also trans splices in vze/o, suggesting that many 
inteins can fold from discontinuous segments and still 
maintain splicing activity [ll]. 
Two groups successfully reconstituted a trans-splicing 
system Zn vitro, which will make it easier to use chemically 
modified or synthetic exteins in the method. Mills et al. 
[ 121 extended their trans-splicing work in viva by purifying 
the two segments of the split M. tuberculosis mini-intein. 
Southworth et a/. [13] constructed similar split-intein 
polypeptides derived from a DNA polymerase intein in 
Pyrococcus, a thermophilic archaebacterium, but did not 
remove the endonuclease region from the intein. To recon- 
stitute splicing activity, the two split-intein fragments first 
had to be combined and pre-incubated in urea, a protein 
denaturant, and then renatured by removal of the denatu- 
rant to form a splicing-competent complex. Presumably, 
reassociation of the amino and carboxyl inteins must occur 
from a partially or completely denatured state, and proper 
folding of an intein structure that has protein-splicing 
activity takes place during renaturation. Once reconsti- 
tuted, the Pyroroccus intein is active in urea concentrations 
up to 6 M [13], but the :W. tuhermlosis split intein loses all 
splicing activity at urea concentrations above 2 M [12]. 
perhaps reflecting a greater stability of the thermostable 
protein to denaturants. Depending on the conditions, splic- 
ing efficiency approached 807~ or higher. Pre-incubation in 
denaturant is not required if the exreins are short, given 
that a 9 kDa amino extein will splice to a three-residue car- 
boxy1 extein [l.?]. Paulus and coworkers [ 141 have also 
demonstrated that replacement of the recombinant car- 
boxyl-terminal intein-extein segment by a chemically syn- 
thesized peptide containing a 35residue carboxyl intein 
and a short two-residue carboxyl extein still permits tram 
splicing to occur. The ability to use a synthetic peptide in 
the reaction will potentially allow a wide range of modifica- 
tions to be introduced into a protein by tram splicing. 
The generation of an active protein by fran.r splicing under 
native conditions remains to be achieved, but the studies 
reviewed here lead one to believe that this wilt bc accom- 
plished. The requirement for dcnaturation during the 
reconstitution step will probably require refolding of most 
spliced proteins to yield an active conformation, and this 
will not be possible for at1 proteins. ‘I‘o favor a successful 
outcome for any particular protein, several parameters of 
the reaction will have to be optimized, including choice of 
intein, positioning of the intein within the target protein 
and concentration of denaturant during reconstitution. 
Expressed protein ligation 
Current techniques for introducing unnatural molecules at 
specific locations have been limited in their use for a 
variety of reasons. For exdmplc, insertion of unnatural 
amino acids into proteins in vitro using chemically misacy- 
lated tRNAs results in low yields of modified protein. By 
contrast the total chemical synthesis of a protein allows one 
to introduce unnatural amino acids freei\, but is limited to 
short polypeptides. Somewhat larger polypeptides can be 
constructed using chemical ligation methods, however. 
The so-called ‘native chemical ligation’ technique permits 
two synthetic fragments to be joined by a peptide bond b) 
means of a precise reaction between two complementary 
reactive groups [1.5]. It is interesting to note that the same 
chemistry is used as in steps 2 and 4 of the protein-splicing 
pathway (compare Figure 2a wirh Figure la). One peptide 
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Figure 2 
Synthetic and semi-synthetic ligation methods. 
(a) Native chemical ligation. A synthetic 
peptide containing a thioester at the 
a-carboxyl group undergoes nucleophilic 
attack by the sidechain of a cysteine residue 
at the amino terminus of the second peptide. 
The thioester intermediate spontaneously 
undergoes an S-N acyl rearrangement to 
yield a peptide bond at the ligation site. 
(b) Expressed protein ligation. The protein of 
interest is expressed in bacteria as an in-frame 
fusion with a modified intein and a chitin- 
binding domain (CBD) and is affinity purified 
from contaminating proteins on chitin resin. As 
in protein splicing, spontaneous acyl 
rearrangement generates a thioester at the 
junction of the target protein and the intein. 
Addition of a small thiol compound 
(thiophenol is shown here) cleaves the target 
protein from the intein-CBD fusion, which 
remains attached to the resin, and generates 
a new thioester at the carboxyl terminus of the 
target protein. This new thioester-tagged 
intermediate can be eluted from the column in 
purified form and reacted with a synthetic 
peptide containing a cysteine at its amino- 
terminal position to generate the ligation 
product 1181. Alternatively, cleavage from the 
intein fusion precursor and ligation can be 
performed simultaneously in situ [16,17]. 
Finally, a spontaneous S-N acyl 
rearrangement converts the thioester linkage 
between the target protein and the peptide 
into a peptide bond. 
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fragment containing a pre-formed thioester at its carboxyl peptides. Finally, novel semisynthetic methods have been 
terminus is coupled by transthioesterification to a second used to couple synthetic peptides to polypeptide frag- 
peptide containing a cysteine residue at its amino termi- ments derived from natural proteins to generate larger pro- 
nus, ultimately forming a peptide bond between the two teins. But the drawback with these approaches has been in 
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obtaining the appropriate protein-cleavage fragments to 
use for ligation. 
Two groups [16-181 have devised a clever strategy called 
‘expressed protein ligation’ that takes advantage of the 
protein-splicing machinery to solve some of the problems 
associated with the existing synthetic methods (Figure Zb). 
Expressed protein ligation permits one to ligate a synthetic 
peptide to the carboxyl terminus of a recombinant protein. 
The technique is an extension of native chemical ligation, 
and its major benefit is that it can introduce the required 
carboxy-terminal thioester at a specific location within a 
recombinant protein of any size. Both groups express the 
target protein that will be ligated to the synthetic peptide 
as an in-frame fusion to an intein followed by a chitin- 
binding domain (CBD), which allows affinity purification 
of the fusion protein on a chitin column (Figure Zb). The 
vector constructs that facilitate making these fusion pro- 
teins were originally developed to permit the rapid purifi- 
cation of any target protein [19] and are commercially 
available. The intein used is a mutant version that is able 
to undergo the acyl rearrangement at the amino-terminal 
splice junction between the target protein and the intein, 
but cannot complete the splicing reaction due to a muta- 
tion at the carboxy-terminal junction. As a consequence, 
an intermediate forms containing a thioester linkage 
between the target protein and the mutant intein. Addition 
of a thiol-containing molecule, such as thiophenol [16,17] or 
Z-mercaptoethanesulfonic acid (MESNA) [18], induces 
intein-mediated cleavage from the column through a trans- 
thioesterification reaction. The newly formed thioester- 
tagged protein is then available to react with a synthetic 
peptide containing an amino-terminal cysteine residue. 
Replacement of the intein with the smaller thiol-contain- 
ing molecule at the carboxy-terminal tail of the target 
protein is necessary because the peptide fails to react 
directly with the intein-linked thioester, presumably 
because of steric hindrance. Xu and coworkers [ 181 use an 
intein derived from the M. xenopi GyrA protein that is effi- 
ciently cleaved by MESNA, allowing the virtually com- 
plete recovery of the protein as the thioester-tagged 
intermediate prior to ligation. The yeast intein used by 
Muir’s group [16,17] is cleaved less well, but efficient liga- 
tion is achieved nonetheless (> 90%) by performing the 
thiol-induced cleavage and ligation reactions simultane- 
ously on the column. 
Muir and coworkers [16] take advantage of expressed 
protein ligation to create a novel phosphorylated protein 
that cannot be produced by other methods. The Csk 
kinase catalyzes the tyrosine phosphorylation of Src family 
members at a specific position on the carboxy-terminal 
tail, promoting an intramolecular association between the 
phosphotyrosine and the Src homology 2 (SHZ) domain 
and repressing Src catalytic activity in wivo. Csk itself is 
related to the Src family but lacks the carboxy-terminal 
tail, and its activity is not regulated by phosphorylation. 
Muir and co-workers [16] asked whether the presence of 
an introduced phosphotyrosine at the carboxyl terminus of 
Csk would affect its activity or conformation. They used 
expressed protein ligation to attach a short tyrosine-con- 
taining peptide, either in the phosphorylated or unphos- 
phorylated form. to the carboxyl terminus of Csk, such 
that the spacing between the tyrosine and the SHZ 
domain was identical to that in other SK family members. 
The technique also enabled a fluorescent tag to be incor- 
porated into the semisynthetic protein to facilitate its 
detection. Indeed, phosphorylation of Csk, like that of 
other Src proteins, changes the protein conformation, sug- 
gesting that an intramolecular interaction forms between 
the SHZ domain and the introduced phosphotyrosine. 
Interestingly, the protein is approximately fivefold more 
active in the phosphorylated state, unlike Src, which is 
repressed by carboxy-terminal phosphorylation. 
Expressed protein ligation has also been used to study 
protein-protein interactions. A conserved carboxy-termi- 
nal region from the Escheridia co/i 07() subunit of RNA 
polymerase has been implicated in contacting the -35 
region of transcriptional promoters and in interacting with 
other subunits within the polymerase holoenzyme. Severi- 
nov and Muir [17] show that a truncated 070 protein 
missing this region is transcriptionally inactive, but a semi- 
synthetic protein made by restoring the carboxy-terminal 
34 residues using a synthetic peptide is nearly as active as 
wild-type cr7(). Interestingly, insertion of an added cysteine 
residue at the ligation junction had no effect on activity. 
but whether this will be true in general will depend on the 
specific protein and the insertion site. In future studies, 
the interaction of the 070 carboxy-terminal region with the 
other polymerase subunits can be examined by introduc- 
ing cross-linking reagents or fluorescent probes to measure 
intersubunit distances. 
Xu and coworkers [18] have shown that two proteins, 
RNase A and the restriction endonuclease HpaI, both of 
which can be potentially difficult to express in viwo 
because of cytotoxic effects, can be readily produced using 
expressed protein ligation. This was done by introducing 
thioesters at the carboxy-terminal ends of truncated, inac- 
tive forms of the two proteins, which were then restored to 
the full-length RNase A and HpaI proteins by ligation of 
15 and 31-residue peptides, respectively. Ligation of the 
peptides is very efficient in both cases (> 80%). The 
results illustrate that refolding of the ligated products 
might be required to restore activity, however, and this is 
not always possible. The ligated RNase A was initially 
inactive, but the protein could be refolded and activity 
comparable to that of native RNase A was recovered after 
renaturation. In the case of HpaI, -95-98%’ of the ligated 
protein was insoluble, but the protein could not be 
refolded. The small amount of protein that was soluble 
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was nearly as active as the native endonuclease. Clearly, 
the amounts of recovered activity will be dependent on 
the protein and the splice-site position. 
Conclusions 
Rapid progress has been made in developing practical 
applications based on protein splicing. Tram splicing is 
now possible both in vivo and in vitro, and expressed 
protein ligation has been put into practice to introduce flu- 
orescent and biotinylated tags into proteins, to produce 
otherwise cytotoxic proteins and to design novel modified 
proteins that could not have been engineered using other 
means. In the future, we could see this technique 
extended to allow synthetic peptides to be introduced into 
the interiors of proteins by performing sequential rounds 
of ligation. Exciting times lie ahead. 
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